ABSTRACT. Abnormalities in maternal folate and carbohydrate
metabolism have both been shown to induce neural tube defects (NTD) in humans and animal models. However, the relationship between these two factors in the development of NTDs remains unclear. Data from mothers of children with spina bifida seen at the Unidad de Espina Bífida del Hospital Infantil Virgen del Rocío (case group) were compared to mothers of healthy children with no NTD (control group) who were randomly selected from patients seen at the outpatient ward in the same hospital. There were 25 individuals in the case group and 41 in the control group. Analysis of genotypes for the methylenetetrahydrofolate reductase (MTHFR) 677CT polymorphism in women with or without risk factors for abnormal carbohydrate metabolism revealed that mothers who were homozygous for the MTHFR 677TT polymorphism and at risk of abnormal carbohydrate metabolism were more likely to have offspring with spina bifida and high levels of homocysteine, compared to the control group. The increased incidence of NTDs in mothers homozygous for the MTHFR 677TT polymorphism and at risk of abnormal carbohydrate metabolism stresses the need for careful metabolic screening in pregnant women, and, if necessary, determination of the MTHFR 677CT genotype in those mothers at risk of developing abnormal carbohydrate metabolism.
INTRODUCTION
Neural tube defects (NTDs) caused by incomplete neural tube closure are among the most prevalent and severe of all birth defects. NTDs affect approximately 8 to 10 per 10,000 live births in Spain and comprise a broad spectrum of phenotypes ranging from spina bifida to anencephaly (Casimiro-Soriguer et al., 2006) . The multifactorial etiology of NTDs includes genetic predisposition, maternal nutritional deficiencies and other environmental factors (Eskes, 1998; Melvin et al., 2000) . Notably, folate deficiency during pregnancy is one of the most important risk factors for NTDs and the periconceptional supplementation of folic acid has proven to prevent 50-70% of NTDs (Wald et al., 1991; De Wals et al., 2007) .
Polymorphic variants of some of the key enzymes involved in folate metabolism have been shown to reduce its bioavailability or bioactivity. Variants of methylenetetrahydrofolate reductase (MTHFR) with a C to T substitution at nucleotide 677, for instance, have reduced activity and have been linked to the occurrence of NTDs in some populations (Eskes, 1998; Melvin et al., 2000; van der Put and Blom, 2000) . Individuals with this variant usually have significantly reduced plasma folate, vitamin B12 and methionine, but increased levels of homocysteine (Eskes, 1998) .
Another factor known to be associated with an increased risk of NTDs is maternal diabetes, 2-to 3-fold higher than in the non-diabetic population (Becerra et al., 1990) . Interestingly, it has been reported that folic acid reduces the incidence of NTDs in offspring in a mouse model of diabetes (Oyama et al., 2009) . To date, however, the interaction between maternal genetic and environmental factors in determining the risk of NTDs has not been examined. In this study, we analyzed the relationship between MTHFR polymorphisms and risk factors for abnormal carbohydrate metabolism in relation to the occurrence of spina bifida. 
MATERIAL AND METHODS

Subjects
A case-control study was undertaken in mothers of children with spina bifida seen at the Unidad de Espina Bífida del Hospital Infantil Virgen del Rocío (case group) and mothers of healthy children with no NTD (control group) who were randomly selected from patients seen in the outpatient ward in the same hospital. The mothers were aged 20 to 43 years in the case group and 23 to 42 years in the control group. The local ethics committee approved the protocol and written informed consent was obtained from the participants and their relatives. Cases and controls with a history of folic acid and vitamin consumption in the previous 3 months or chronic diseases related to the study and non-Caucasian families were excluded from the analysis.
Homocysteine determination
EDTA blood samples were collected and homocysteine levels were determined with the IMX System (Abbott Division Diagnostics, Oslo, Norway) using the fluorescence polarization immunoassay (FPIA). Plasma homocysteine ≥15 μM was considered to be indicative of hyperhomocysteinemia.
Genetic analysis
DNA was extracted using the QIAamp DNA Blood Midi kit (QIAGEN GMBH Hilden Germany) and stored at -20°C. Polymorphisms for MTHFR C677T were analyzed by RFLP-PCR as previously described (van der Put et al., 1995) .
Clinical data collection
The following sources were used: clinical histories and databases (SIDCA, Weblab 3.3 and Weblab historic) of the Hospital Virgen del Rocío, databases from the Hospital de Valme (Omega 3000), Asociacion Sevilla de Padres con Hijos con Espina Bifida e Hidrocefalia (ASPHEBH), telephone interviews and review of pregnancy, and birth cards.
The O'Sullivan test was used as an indication of risk of developing gestational diabetes and considered positive in pregnant women with glucose values ≥130 mg/dL (Metzger and Coustan, 1998 
RESULTS
Evaluation of polymorphism distribution
There were no significant differences in the frequency of MTHFR C677T genotypes between case and control subjects (Table 1) . However, the frequency of T in the case group was significantly higher than in the control group (P = 0.025, OR = 2.28, 95%CI = 1.102-4.716). 
Evaluation of the variables analyzed in relation to carbohydrate metabolism
Despite the lack of a statistically significant difference, cases were more often overweight or obese when they conceived (36% of cases vs 22% of controls). Unfortunately, O'Sullivan test results were only available for 10 individuals from the case group. The median glucose level in that group was 120.5 mg/dL (range = 99-139) compared to a median of 116.5 mg/dL (range = 100.5-155.5) in the 16 individuals from the control group.
We considered that mothers at risk of developing abnormal carbohydrate metabolism were those that showed at least one of the following risk factors: personal history of diabetes mellitus or gestational diabetes, diabetes mellitus in a first-degree family member, BMI ≥ 25 kg/m 2 in the initial stages of pregnancy, or O'Sullivan test ≥130 mg/dL. According to this classification, mothers classified as at risk of abnormal carbohydrate metabolism were more likely to have a child with spina bifida (64% in the at-risk group vs 53.7% in mothers without risk factors; Fisher exact, P = 0.411, Table 1 ).
Evaluation of risk factor combinations: Relationship between maternal C677T polymorphism and abnormal carbohydrate metabolism
Given the higher incidence of T in the case group, we decided to analyze the data on the basis of two models, either dominant, in which the effect of both homozygotes and heterozygotes are equal, or recessive, in which effects are expected only from homozygotes. Analysis of genotypes for the MTHFR 677CT polymorphism in women with or without risk factors for carbohydrate metabolism revealed that mothers who were homozygous for the MTHFR 677TT polymorphism and at risk of abnormal carbohydrate metabolism were more likely to have offspring with spina bifida (24% of mothers in the case group vs 4.9% in control group; Table 1 ).
Homocysteine
Evaluation of homocysteine concentration
Since elevated levels of homocysteine have been proposed as a risk factor for NTDs (Steegers-Theunissen et al., 1994) , we evaluated homocysteine levels in the case and control groups. However, no difference was observed between the groups (Table 2) . 
Maternal C677T polymorphism and homocysteine concentration
Since homocysteine levels are likely to depend on maternal genetic influence (Kluijtmans et al., 1997) , we assessed homocysteine levels in both the maternal MTHFR dominant and recessive inheritance genotypes for determination of NTD risk. While we did not detect in the dominant inheritance analysis any difference in the homocysteine levels between the genotypes, in the analysis of recessive inheritance, those mothers in the case group (MP) with a MTHFR 677TT genotype had higher levels of homocysteine than those in the control group (MC; P = 0.062; Table 2 ).
Homocysteine levels in mothers at risk for abnormal carbohydrate metabolism
Given the link between elevated plasma homocysteine levels and the risk of developing diabetes or its complications (Hoffman, 2011) , we compared levels of homocysteine in subjects with and without risk factors for abnormal carbohydrate metabolism. No significant difference was detected between the groups, although there was a trend towards higher homocysteine levels in mothers from the case group who also had risk factors for abnormal car-Combination of risk factors in spina bifida bohydrate metabolism (12.07 vs 8.74 μM; Table 2 ). In addition, mothers from the case group with risk factors for abnormal carbohydrate metabolism and with MTHFR 677TT genotype had the highest levels of homocysteine (Table 2 , homocysteine ≥15 μM, which can be considered indicative of hyperhomocysteinemia).
DISCUSSION
In this study we observed an increased risk of NTDs in the offspring of mothers with an MTHFR 677TT genotype along with risk factors for abnormal carbohydrate metabolism. In addition, homocysteine levels were found to be higher in mothers of children with spina bifida who were carriers of MTHFR 677TT and also at risk for abnormal carbohydrate metabolism. These results further support a correlation between genetic and environmental risk factors in the development of NTDs.
Risk of developing abnormal carbohydrate metabolism
It is well established that maternal diabetes during pregnancy is associated with a high incidence of congenital malformations, including NTD (Loeken, 2006) . In agreement with this, our study showed that women at risk of developing abnormal carbohydrate metabolism have a higher risk of having a child with an NTD. Interestingly, this risk was greatly increased if the mother is also a carrier of the MTHFR 677TT mutation.
Homocysteine
The 677C->T mutation in the MTHFR gene causes an alanine to valine substitution in the protein, affecting the activity of this enzyme in both homozygous and heterozygous subjects and resulting in an accumulation of homocysteine (van der Put et al., 1995; Eskes, 1998) . In our study, significantly higher levels of homocysteine were detected in mothers who were carriers of MTHFR 677TT, consistent with the results of previous studies (Eskes, 1998) . The risk of developing abnormal carbohydrate metabolism was not associated with differences in the level of homocysteine. However, higher levels of homocysteine were observed in those mothers with the MTHFR TT genotype and also at risk of developing abnormal carbohydrate metabolism.
A potential mechanism to explain the increased frequency of NTDs associated with maternal diabetes is oxidative stress. Increased oxidative stress is widely accepted to be involved in the development and progression of diabetes and its complications (Maritim et al., 2003) . Moreover, analysis of gene expression in mouse embryos with NTDs from a model of maternal diabetes revealed that there was an enrichment of genes containing binding sites for transcription factors involved in the response to oxidative stress (Pavlinkova et al., 2009) . It is also well documented that oxidative stress inhibits the expression of Pax-3, which is essential for neural tube closure during embryogenesis (Chang et al., 2003) . Given that high levels of homocysteine also induce oxidative stress (Heydrick et al., 2004; Albu et al., 2012) , women with moderate levels of blood glucose (≥120 mg/dL) who also have an MTHFR TT genotype may have similar levels of oxidative stress as those of a fully diabetic woman. Further studies should therefore assess whether changes in oxidative stress explain the observed interaction between MTHFR genotype and abnormal carbohydrate metabolism.
In our analysis, we considered, as suggested by the 4th Workshop-Conference on Gestational Diabetes Mellitus (Metzger and Coustan, 1998) , glucose levels ≥130 mg/dL as a positive O'Sullivan test. However, in Spain, the diabetes and gestation guide (GEDE, 2005) still considers ≥140 mg/dL as pathological levels. Using a cutoff of 140 mg/dl, 79% of women with gestational diabetes would be detected (87% specificity) compared to 100% of women (78% specificity) using the 130 mg/dL cutoff (ADA, 2001; Carrera, 2005) . Our results therefore stress the importance of careful metabolic screening in pregnant women, and, if necessary, analysis of MTHFR 677CT genotype in those mothers at risk of developing abnormal carbohydrate metabolism. Nevertheless, the results of this study are limited by the small number of subjects, and a larger sample will be required to confirm and extend our findings.
